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ABSTRACT 
A parameter study for heterogeneous infiltration was 
performed employing a one-dimensional computer program. 
Soil heterogeneity was defined by linear variations of soil 
parameters. From the solutions obtained, the instantaneous 
and accumulative infiltration rates were correlated versus 
the rate in which the parameters varied in the soil profile. 
The end result being coaxial graphs from which a relative 
infiltration rate may be obtain by inputting time and the 
rates of change of various soil parameters. 
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LIST OF SYMBOLS 
The constant in the quadratic equa-
tion which defines the parameter 
variation in the profile 
Accumulative infiltration rate 
The linear coefficient in the quadratic 
equation which defines the parameter 
variation in the profile 
Represents B for the variable ~ 
Represents B for the variable A 
Represents B for the variable Pb 
Represents B for the variable n 
Represents B for the variable Sr 
The quadratic coefficient in the 
quadratic equation which defines the 
parameter variation in the profile 
Dimensionless depth 
h Hydraulic head 
I Instantaneous infiltration rate 
~ Hydraulic conductivity 
Ka Saturated hydraulic conductivity at 
the surface 
Kew Effective hydraulic conductivity of 
the wetting phase for unsaturated soil 
Krw Relative hydraulic conductivity of the 
wetting phase for unsaturated soil 
~ Saturated vertical hydraulic con-
ductivity 
L 
q 
S 
Characteristic length defined by pro-
file depth 
Bubbling or air entry pressure 
Capillary pressure 
Dimensionless pressure head 
Flow rate 
Saturation 
Effective saturation 
Surface saturation 
t 
w 
z 
z 
~I 
~AI 
y 
E 
n 
T 
Residual saturation 
Time 
Velocity in the Z direction 
Vertical Depth 
Dimensionless depth 
Ihomogeneous - Iheterogeneous 
AIhomogeneous - AIheterogeneous 
Unit weight of water 
2 + 3A 
Soil porosity 
Pore size distribution index 
Transformed value of Pt 
Dimensionless time parameter 
BACKGROUND 
Statement of Problem 
The infiltration process of water into a 
soil system is a complex problem to solve due 
to the large number of soil properties which 
affect the flow. These properties often change 
spacia11y in the soil mass and can also change 
with time due to chemical or biological reactions. 
Despite this complexity, mathematical models have 
been developed which are capable of describing 
this complex process reasonably close, if the 
soil is relatively homogeneous. Generally, the 
assumptions used in these models are homogeneous 
soil and the absence of chemical and biological 
activity. 
The first description of the soil water sys-
tem was by Darcy (1856). One of Darcy's original 
assumptions was that the soil be completely 
saturated. Buckingham (1907) reported that Darcy's 
equation could be applied equally well to un-
saturated soils. Recent investigators have con-
ducted extensive research on unsaturated flow and 
have arrived at equations relating pressure, 
saturation and permeability to physical prop-
erties of the soil. These equations, in combina-
tion with Darcy's Law and the continuity equation, 
yield differential flow equations describing 
moisture movement in unsaturated soils. 
With the use of the digital computer, the 
solutions to these flow equations can be obtained 
rapidly. Even so, because of the number of param-
eters involved and the large number of possible 
combinations, an analysis of all possible solu-
tions is not practical. 
The purpose of this investigation was to 
perform a parameter study of infiltration in un-
saturated heterogeneous soils. A computer program 
developed by Jeppson (1976) for heterogeneous 
unsaturated soils was used to obtain solutions 
to the differential equation of flow and the 
effects of the rate of change of the parameters 
A, n, Pb' Sr and kv as defined by the Brooks-
Corey equations and which were used to describe 
the unsaturated hydraulic properties of the soil 
were studied. Relationships between the rate of 
change of the parameter and its effect on infil-
tration and total water volume adsorped were 
developed and coaxial graphs showing their in-
fluence on the process are given. 
Review of Literature 
Darcy's Law states that the local seepage 
velocity for fluids is directly proportional to 
the gradient of the potential or head. In equa-
tion form it is written as: 
q = -kVh (1) 
in which q is the seepage velocity vector, k is 
the hydraulic conductivity and h is the total 
head and in this report will be restricted to 
that due to pressure and elevation head. For 
use in this report the permeability will be 
used synonymously with hydraulic conductivity 
as is common in soils engineering. That is, 
the designation permeability does not mean in-
trinsic permeability. 
Equations for Unsaturated 
Permeability 
For unsaturated flow, the permeability is 
a function of capillary tension caused by the 
air water interface. This tension creates nega-
tive pressures in the soil and is referred to as 
capillary pressures. Functions relating perme-
ability to saturation and capillary pressure 
have been developed for the flow of two immiscible 
fluids in porous media. These functions have been 
brought about mainly by research conducted in the 
petroleum industry. Burdine (1953) presented the 
following equation for relative permeability: 
K 
rw 
dS 
fS ;Z 
o c 
fl dS 
o Pc2 
(2) 
in which P is the capillary pressure, S is 
the effectlve saturation defined by Se =e(S-Sr)/ 
(l-Sr ), Sr is the residual saturation or some- 1/ 
times called the irreducible saturation and Krw-
is the relative permeability of the wetting 
phase. Sr can be found by fitting data best on 
a log plot of Se vs. Pc. As Pc becomes increas-
ingly negative S will approach some saturation, 
Sr. It is assumed here that the permeability 
is zero at Sr. Relative permeability, Kr~/, 
is defined as the ratio of the effective perme-
ability, Ke , to the saturated permeability and 
wetting phase is defined as the fluid toward 
which the interface is concave when two immisi-
cib1e fluids come into contact. For example in 
an air-water system the water is the wetting 
phase, whereas in the air-mercury system, the 
air is the wetting phase. Since the equation 
was developed in the petroleum industry the two 
fluids were water and o'il. Therefore an expres-
sion for the permeability of the non-wetting 
!/Since only the wetting phase is dealt with 
herein, the w subscript will be dropped hereafter. 
phase was also developed. In this study the 
two fluids are air and water and the non-wetting 
phase permeability is neglected. Due to the 
small viscosity and small density of air, this 
is not a bad assumption as long as the air is 
free to escape the system. Henceforth in this 
report the wetting phase permeability will just 
be referred to as the permeability. ' 
Using the definition of effective satura-
tion, 
S 
e 
S - S 
r 
1 - S 
r 
(3) 
the Burdine equation can be rewritten as 
K 
r 
S dSe f e __ 
o P 2 
S 2 c 
e fl dSe 0;Z 
c 
(4) 
After analyzing many pressure desaturation 
curves, Brooks and Corey (1964) empirically 
determined a relationship between effective 
saturation and capillary pressure: 
in 
S 
e 
which 
P
b 
P 
c 
(5) 
Pb is called the bubbling pressure and 
is a measure of the maximum pore size forming a 
continuous network of flow channels within the 
medium. The constant \ is a measure of the pore 
size distribution where a large \ is associated 
with uniform pore size and a small \ with a well 
graded pore size. The graphical representation 
of this relationship is shown in Figure 1. Upon 
substituting Equation (5) into Equation (4) and 
performing the integration the permeability 
becomes: 
K 
r 
P 2+3\ 
--.E.) 
P 
c 
E 
(6) 
in which E = 2 + 3\. 
In applying the theory of Brooks and Corey, 
the following assumptions were made: 
1. 
2. 
3. 
4. 
5. 
Se = S = 1 and Kr = 1, when Pc < Pb 
Theory cannot apply for S < Sr 
The theory becomes inaccurate at 
saturations near Sr because the shape 
of the pressure saturation curve is 
very steep at S = Sr 
Ke is zero at Sr 
The porous matrix does not undergo any 
geometrical change as it changes from 
2 
Q) 
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Figure 1. Effective saturation as a function 
of capillary pressure head for a 
typical homogeneous soil. 
a saturated state to saturations 
approaching Sr' 
King (1965) developed a hyperbolic func-
tion for saturation and relative permeability, 
cosh (P
c
/P 2)1l - 1 o ( K 
r 
cosh (P
c
/P 2)1l 1 + 
(7) 
and 
cosh {(pip )8 + d - y 
S 0 ( 0 
r 
cosh {(pip ) 8 d + + y 0 
(8) 
In his paper, King noted the equation developed 
by Gardner (1958) for permeability, which is 
K 
a 
P T + b 
c 
(9) 
is dimensionally inconsistent and altered it to 
K 
(p IP)T + b 
c 
(10) 
He then ran comparison tests of Equations (7) 
and (10) with lab data. The results showed 
that both equations fit the data well and they 
both describe a continuous function that 
plateaued on the log relative permeability 
versus log capillary pressure graph near the 
values of Kr = 1. This is in contrast to the 
Brooks-Corey equations which are discontinous 
at P 
c 
< P and defines relative permeability 
b 
as: 
and K 1 
r 
Unsaturated Flow Solutions 
(lIa) 
(lIb) 
Using the Brook-Corey relationships along 
with Darcy's law and the continuity equation, 
a differential equation of flow can be developed 
for the process of unsaturated seepage. The 
derived differential equation can then be solved 
by a numerical process thus providing a mathe-
matical description of the flow process. 
Previously, most numerical solutions to 
heterogeneous unsaturated flow handled the 
heterogeneity of the flow by assuming layered 
soils. Hanks and Bowers (1962) among others, 
developed computer solutions which allowed each 
layer of soil to have different parameters. 
Although these discontinuities exist as illus-
trated by the data obtained by Scott and Corey 
(1961) the use of Darcy's law in differential 
form is not justifiable. The reason is, that 
in order to use Darcy's law in the differential 
form a continuous function must exist which is 
not the case for layered soils with abrupt inter-
faces. The method used by Hanks and Bowers to 
calculate permeability was to define moisture 
diffusity in terms of saturation and then perme-
ability in terms of diffusity. 
For the homogeneous case, Jeppson (1974) 
obtained solutions for both the one-dimensional 
and the axisymmetric cases. The relationships 
used for the solutions were the Brooks-Corey 
equations and a series of curves were obtained 
showing the effects of certain parameters on 
infiltrations. Watson (1972) in a one dimensional 
solution, also used the Brooks-Corey equations 
for the description of unsaturated seepage in 
heterogeneous soils. The soil heterogeneity was 
defined by varying the permeability as a function 
of depth. Various cases of varying permeability 
were studied and graphs were presented for the 
solutions. These solutions were not, however, 
compared with physical data. These previous two 
solutions are in contrast to the one used for 
this study in that the pore size distribution, 
saturated permeability, residual saturations, 
porosity and bubbling pressure in the Brooks-
Corey relationships are all able to vary 
quadratically with depth. 
3 
FORMULATION OF THE MATHEMATICAL MODEL 
Unsaturated Properties of 
Materials 
Although many mathematical expressions 
have been used to describe relationships be-
tween capillary pressure, saturation and hy-
draulic conductivity in unsaturated flow, the 
equations used herein will be the ones developed 
by Brooks and Corey (1964). These equations 
have been selected primarily because of their 
simplicity while they also provide results in 
good agreement with lab data. The largest 
discrepancy between these equations.and actual 
data for both pressure-saturation and pressure-
conductivity .relationships is for soil condi-
tions near unit saturations. However, this is 
not of major concern for many infiltration 
studies. The parameters in the Brooks-Corey 
equations are obtained from pressure-saturation 
plots on log-log paper like that shown in Figure 
1. It can be seen from Figure 1 that typical 
data points vary from the fitted curve only near 
unit saturations. From the pressure-saturation 
relationship obtained from this curve a relative 
permeability-pressure .relationship may be defined. 
The relative permeability can then be used in 
combination with Darcy's law and continuity to 
describe the unsaturated moisture movement in 
soils. 
General Equation 
In solution to the flow problem presented, 
a one-dimensional finite difference scheme is 
used. In formulating the general equation of 
flow and the boundary conditions the convention 
of a space coordinate Z positive upwards, is 
used in formulating the one-dimensional transient 
problem. Functions of Z are: 
w 
e 
T] 
velocity in the Z direction 
water content of the soil by 
volume 
porosity of the soil 
Darcy's law and continuity can be written as: 
a Pc 
w = -K
az 
(z +~) Darcy's Law (12) 
aw 
az 
in which: 
~ = a (nS) 
at at Continuity (13) 
KKK 
v~r~i~al hydraulic conductivity 
surface hydraulic conductivity 
relative hydraulic conductivity 
as defined by Equation (6) 
capillary pressure head 
Combining Equations (3) and (5) gives a differ-
entiable expression for saturation as: 
(14) 
In the previous equations, the pressure 
terms have the dimensions of length. For making 
these equations dimensionless, the following 
terms are defined by dividing through by a 
characteristic length, L: 
Pt = -Pc/yL 
Z z/L 
(15) 
(16) 
(17) 
Differentiating Equation (14) with respect to 
Pt' Equation (12) with respect to Z and sub-
stituting them into Equation (13) gives the 
following equation: 
Making use of the definition of K in Equation 
(6), this equation can be expandea and simplified 
to: 
+K 
v 
ap a2p 
(2 + 31..) /Pt -;;--zt } + __ t K 
o az2 , v 
( ) 1+21.. apt = C Pt aT 
(19} 
The Crank-Nicholson method is used in 
differencing Equation (19). It has been found 
however, that because of the sharp wetting 
front it is difficult to accurately calculate 
the value of Pt and its derivatives. This, 
plus the strong nonlinearity of the equation 
makes the use of a transformation of the inde-
pendent variable very helpful. Since the 
capillary pressures change from highly nega-
tive to moderately negative values very 
rapidly, a transformation is needed to make 
this change less abrupt. Jeppson (1975) has 
found for the heterogeneous case that a modi-
fied Kirchoff transformation works well. For 
the homogeneous case the transformation is: 
(20) 
Substituting Equation (6) for ~ and integrating, 
the transformation becomes: 
~ = (P
b
/L)2+3A {1 - pt-(1+3A)}/(1 + 31..) 
(21) 
4 
Since for the heterogeneous case A is a function 
of depth it is not possible to simply integrate 
Equation (20). Because of this, a modified 
Kirchoff transformation is used in which the 
constant (Pb/yL)2+3Y is dropped and a surface 
value of A, 1..0 ' is used in the transformation 
yielding: 
I; = {1 p -(1+3Ao)}/(1 + 31.. ) 
t 0 (22) 
and 
(23) 
In using this transformation the derivatives 
apt ~ az- and aZ7must be defined. Expanding the 
partial derivative of Pt with respect to Z in 
terms of I; gives: 
apt ~~= Pt ~ (24) az= al; az - (1+31.. 0 )1; az 
and 
a
2 
a
2 2 apt a21; Pt Pt (~) 7= 7 az +3f ~ 
(2 + 31.. 0 ) Pt 2 
«(1 - (1 + 31.. 0 )1;)2) (~~) 
+ 
Pt n 
1 - (1 + 31..
0
)1; az2 (25) 
Substituting Equations (24) and (25) into the 
equation of flow, Equation (19), gives: 
al; aA p L 
-;;-z - 1) OK - ln _t_ 
o vaz Pb 
aK 1 al; 
- az
v 
+ Kv (2 + 31..)(1 - (1 + 31..
0
)1; az) 
+ K 
v 
(2 + 31..0 ) Pt al; 2 
{(1 - (1 + 31.. )1;)2 (az) 
o 
+ 
Pt a21; 
1 - (1 + 31..
0
)1; ~ 
A (1 - S ) 1+21.. ~= n r Pt 0 + 
(p /L)2+2>" aT 
b 
(26) 
Equation (26) is the parabolic partial differ-
ential equation of flow used in this report to 
describe one-dimensional unsaturated infiltration. 
Boundary Conditions 
Since the flow equation derived here is a 
parabolic partial differential equation, initial 
and boundary conditions are needed in order to 
obtain a solution. The initial conditions in 
this report assume static equilibrium throughout 
the profile. The surface saturation condition 
is of two types: surface saturation or an in-
put flux may be specified. Should surface sat-
uration be specified, the values for the first 
grid point will be known, being a Dirichlet 
condition, and are not solved for in the solu-
tion process. Solving Equation (12) for p ,and 
then substituting the value obtained into Equa-
tion (22) the following two expressions for the 
surface grid point may be obtained: 
1 - S 1/1..0 
r ) (27) 
t;o 
S (T) - S 
1 _ {( 0 r 
1 - S 
r 
(28) 
Should input flux be specified, the con-
tinuity equation used is 
-w + w in out 
= _ nas 
at 
(29) 
Using previously derived expressions this equa-
tion becomes: 
K K (aPt _ 1) 1 + VeT) 
vo r az 1 Ka 
P A 
6ZnA (1 - Sr) (-{) 
+ A + 1 
Pt 
aPt 
aT 11/2 o (30) 
where VeT) is the surface input flux. The sub-
script 1 means that the preceeding variables will 
be evaluated at the first grid point below the 
surface while the 1/2 designates that the vari-
ables will be taken midway between this and the 
surface grid point. 
The bottom boundary condition of the solu-
tion will also be a Dirichlet type. Since the 
saturation changes very rapidly across the wet-
ting front, the solution need not continue more 
than a few grid points beyond the wetting front. 
Therefore until the wetting front reaches the 
bottom of the soil profile the initial condi-
tions of the points ahead of the wetting front 
will be used as values for the Dirichlet bound-
ary condition. The bottom of the profile is 
assumed to be a drained layer and after the 
wetting front has reached this layer no water 
will drip into it until the bottom reaches a 
5 
saturation of unity. After the wetting front 
has reached the bottom of the soil profile but 
before the high saturations are reached the 
bottom boundary condition will be: 
(31) 
This can be developed from Darcy's law and the 
fact that the velocity will be zero through 
that point. After water drips from the bottom, 
this bottom condition becomes: 
p = 0 
t 
(32) 
Finite Difference Formulation 
The Crank-Nicholson Method averages the 
difference approximation with respect to Z for 
for the current and advanced time steps. This 
results in a second order difference with re-
spect to time as well as a second order 
approximation with respect to Z. The finite 
difference form of the equation of flow for 
the interior grid points is: 
1+21.. 
f =.5 b~ + c.(pk:1 j J J tJ 
+ .5 bk+1 = 0 j (33) 
in which the subscript J 1S in reference to in-
creasing depth and the superscript k is in 
reference to time, i.e. T/6T. The variables b 
and c are defined as: 
and 
P. t;. 1 - t;·+1 ~\ PtL ((~)( ]- J)_ 1}{3K ~ £n-
~j 26Z vaZ j Pb 
aK K (2 + 31..) t;. 1 - t;.+1 v Ij + v ( J- J)} - ar- C 26Z 
+ K v 
Pt 
+-~j 
J 
(2 + 31..0 ) { Ptj (~.)2 
J 
t;j_1 - 2t;. ( J 
6Z2 
>..n(1 - Sr) 
6T(Pb/L/+
2>.. 
+ 
~. = 1 - (1 + 3>" )t; 
J 0 
t;j_1 - t;.+1 2 
( 26Z ] ) 
t;j+1) } (34) 
(35) 
(36) 
For the surface condition where a flux is 
given, the finite difference form of the equa-
tion for the top surface point is: 
k+1 k+1 k+1 k f 0 d + e 1/ 2 (.5 Po + PI - Po 
in 
and 
k) / ( k+1 k+1 l+Al 
PI Po + PI ) + d 0 
which 
d = K 
vI 
+ V(T) 
K 
a 
Pb 
2+3Al 
Pt (- ) 
Pt lL I;; 
~ZnA(l - Sr)(Pb/L)A 
~T 
£;0 - £;2 
(~ 
(37) 
) - I} 
(38) 
(39) 
In writing the appropriat_e difference equa-
tion for each grid point, a system of non-linear 
equations in £; will occur. The Newton-Raphson 
method is used for the solution of these equa-
tions. For this solution process the iterative 
solution used is: 
-'" m+1 -:':m -'" 
£; = £; - X (40) 
wherx the superscript m is the iteration number 
and X is the solution vector of the linear sys-
tem of equations 
J X = F (41) 
where J is the Jacobian and F is the vector de-
fined by the equation of f. applied to each 
point. J 
When Equation (40) is solved and the values 
of £; at the kth + 1 time step are known then the 
program increments T and the Newton method is 
again iterated so that values of ~ may be obtained 
for the next time step. For the solution process, 
the initial guess for £; in the Newton-Raphson 
method will be the £; for the previous time step 
incremented by the change in £; that occurred at 
that previous time step. 
METHODS AND PROCEDURES 
Defining Heterogeneity 
In order to model heterogeneous soils, Equa-
tion (26) was derived such that each of the 
parameters: A, Pb , Sr' Kv, and n, were allowed 
to vary with depth, Z. For convenience, a sub-
routine in the program defined these variations 
quadratically with depth by input of the con-
stants A, Band C in the equation: 
6 
parameter = A + B(Z) + C(Z)2 (42) 
Equation (42) was used to define all of the 
parameters with depth except Kv. In the 
program, Kv is always given a value of 1 at 
the surface,. causing the defining equation for 
Kv to be: 
where 
K 
v 
C 
o 
1 - C + B(Z) + C(Z)2 
o 
B(H) + C(H)2 
H = height of soil profile. 
(43a) 
(43b) 
Equation (43) gives Kv the value of 1 at the 
surface and at the same time keeps the conven-
tion of positive Z upwards. The reason for 
specifying Kv as 1 at the surface is to make 
the saturated permeability terms in Equation 
(12) equal to Ka , the surface saturated perme-
ability. 
Using this method to model heterogeneity, 
the number of possible variations of the param-
eters in the profile becomes innumerable. Also, 
each of the variables can vary separately giving 
an infinite number of solution possibilities. 
To reduce the number of solutions to a-manage-
able number for this study, only linear varia-
tions were used on each parameter. That is, 
the value of C in Equations (42) and (43a) was 
set equal to zero. 
Solution Variables Used 
The variations of the parameters studied 
were determined by establishing a practical 
range of the parameter, then varying it within 
that range while keeping the same average value 
of the parameter in the profile for each solu-
tion. The parameter was varied once with the 
high value at the top of the profile and then 
again with the low value at the top of the pro-
file. An example of this is that the variable 
A varied from 0.3 at the top to 1.2 at the 
bottom of the profile. Another solution was 
obtained varying A from 1.2 at the top to 0.3 
at the bottom of the profile. Intermediate 
solutions were obtained by narrowing the range 
while linearly increasing and decreasing the 
parameter with depth, but keeping the same 
average value as before. An example is that a 
second range of A is 0.5 to 1.0 which has an 
average of 0.75 as before. The values and 
ranges used for the five parameters in the 
Brooks-Corey equations are shown in Table 1. 
In the solution of the infiltration problem, 
certain parameters are required and were held 
constant for each solution. These are: 
Height of profile, H = 2.0 
Table 1. Variable ranges, averages, and B and A coefficients used in this study for a dimensionless depth 
of z. 
Variable Range(s) Average 
"-
(pore size distribu- 0.3 1.2 0.75 
tion index) 1.2 - 0.3 
1.05 - 0.45 
0.5 - 1.0 
n 
(porosity) 0.45 - 0.35 0.4 
0.35 - 0.45 
0.6 - 0.2 
0.2 - 0.6 
Sr 
(residual saturation) 0.15 - 0.1 0.125 
0.1 - 0.15 
0.2 - 0.05 
0.05 - 0.2 
Pb 0.65 (bubbling pressure) 0.1 
- 1.2 
1.2 - 0.1 
0.9 - 0.4 
0.4 - 0.9 
K}J 
(dimensionless 1 ~ 0 • .1 
saturated hydraulic 1.0 ~ 5.0 
conductivity) 1.0 ~ 0.5 
!/Kv was made dimensionless by dividing by the saturated 
Therefore the saturated hydraulic conductivity is given by 
K = K K 
o a v 
in which K is a constant. 
a 
B coefficient A coefficient 
0.45 0.3 
-0.45 1.2 
-0.30 1.05 
0.25 0.5 
-0.05 0.45 
0.05 0.35 
-0.2 0.6 
0.2 0.2 
-0.025 0.15 
0.025 0.1 
-0.075 0.2 
0.075 0.05 
0.55 0.1 
-0.55 1.2 
-0.25 0.9 
0.25 0.4 
0.45 
-2.0 
0.25 
conductivity, Ka , at the surface. 
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Number of grid points, Np = 21 
Initial pressure head at the bottom of 
profile, ho = -4.0 
Surface saturation, So = 0.9. 
The profile height, H, is dimensionless, there-
fore, its value given would be in the same units 
as other variables in the problem such as ~, 
h , etc., keeping the problem dimensionally 
cgnsistent. Having 21 grid points divides the 
profile into 20 equal increments which then de-
fines ~Z as 0.1. Surface saturation was 
specified at 0.9 to represent the high satura-
tions achieved just below the surface for the 
case of ponded water. The solutions were 
elapsed over the time period of T equal 0.0 to 
0.5. Time steps of T = 0.005 were used for most 
solutions. However, for some cases the Newton 
iteration failed to converge at intermediate time 
steps for this value of ~T. For those solutions 
~T was reduced to 0.0025 to obtain complete solu-
tions to T = 0.5. Complete solutions were ob-
tained for all cases when assigning the smaller 
dimensionless time interval. 
Data Handling 
Representative results for the solutions are 
shown in Figures 2 - 6 for varying A, Pb' n, Sr 
and~. They are shown in contrast to the homo-
geneous case where all the variables are held 
constant. From the curves of saturation and 
pressure versus depth, the wetting front and 
the advancement of the wetting front may be clear-
ly seen. It should be noted that the lines to 
which the saturation curves become tangent, show 
the initial saturation through the profile. These 
initial conditions were obtained assuming that at 
T = 0.0, the soil was under static equilibrium, 
i.e. no water movement was occurring. As would 
be expected by inspection of Equation (14) these 
initial conditions vary with the parameters Pb , 
Sr' and A. This is brought out clearly by the 
initial saturations in the profile as shown by 
these curves. 
From observing the pressure head versus 
depth graphs, Figures 2b, 3b, 4 b, 5 b, 6 b, it 
is seen that the initial conditions in the pro-
file represent a linear variation with a pressure 
head of -6.0 at the surface and -4.0 at the 
bottom of the profile. This is because the capil-
lary pressure at the bottom of the profile was 
given a constant value of -4.0 and from the equa-
tion for total pressure head, 
HT = Z + ply = Constant, 
it is seen that an increase in Z dictates a de-
crease in ply. 
In this investigation, the effects of the 
rate of change of the parameters A, n, Pb ' Sr' 
and Kv upon both, the total volume of water 
absorbed and the instantaneous infiltration rate 
were studied. The rate of change of the param-
eter was represented by the value of B in Equa-
tion (42). The volume of water absorbed was 
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descrete1y determined by assuming an average 
water content equal to the average at the top 
and bottom of each grid space. For correlation 
the volume of water absorbed was divided by T 
thus giving an overall average infiltration rate 
up to that time step. 
Although the instantaneous infiltration 
rate was also determined by the computer solu-
tion the rates obtained did not plot smoothly. 
This nonsmoothness was primarily due to not 
attempting to locate the wetting front inter-
mediately between grid points. The overall 
approximation to the solution is good but the 
comparison of values from one time step to the 
next does not give smooth or continuous data. 
In order to compensate for this, the instanta-
neous rates were averaged around the time step 
desired, using two time steps before and two 
after. 
Typical infiltration curves have been re-
ported on in the past by many researchers and 
have been described in equation form. In this 
report however, instead of using the rates from 
the solution obtained for correlation, the rates 
were all compared to a homogeneous solution. 
The homogeneous solution used was the case in 
which all the parameters were held constant. 
The values of each of the parameters were the 
average values, as shown in Table 1, which 
were used to define the middle of the ranges at 
which the parameter was varied for the hetero-
geneous case. The comparison value used was the 
difference between the homogeneous and the hetero-
geneous case or: 
(44) 
The data was taken from the solutions at 
time steps of T equal to 0.1, 0.2, 0.3, 0.4 and 
0.5. For data analysis scatter diagrams were 
first drawn to ascertain how the data varied. 
Typical such diagrams may be found in Figures 7, 
B,9,lO,andll. The point 0.0,0.0, in each 
graph results from the fact that at B equal to 
0.0, the solution is the homogeneous case, mean-
ing ~I is also equal to 0.0. The data was then 
inputed into a linear regression program to ob-
tain a best fit curve through all of the data 
points. The regression program fit a curve 
through data with n number of independent vari-
ables and one dependent variable. The program 
then solved for linear coefficients for a general 
equation to fit the data. The equations pro-
duced had the form of: 
~I = A + B(X1) + C(X2) + D(X3) + ... E(Xn) 
(45) 
where the coefficients found by the regression 
program are A, B, C, D and E. The independent 
variables are the subscripted X's and the de-
pendent variable is ~I. The regression program 
also provided a subroutine for the transforma-
tion of the independent variable. That is, the 
subscripted X's could either be the actual value 
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the negative and positive data for curve fitting 
when the regression analysis was done. The data 
sets used to obtain these graphs and the regres-
sion equations used in making the graphs are 
shown in Appendix A. 
The instantaneous infiltration rates were 
calculated by the computer program by subtract-
ing from the present volume of water in the 
profile from the previous time step and then by 
dividing by ~T used between the two time steps. 
The accumulative infiltration rates were also 
calculated by the computer program. They repre-
sent the volume of water in the profile at a 
particular time step minus the initial volume of 
water in the profile divided by the total elapsed 
time, T. 
Each of the individual plots on the coaxial 
graphs are for the B coefficient in Equation (42) 
which was varied in obtaining the data for the 
plot. The symbols BL, BPOR, BSR, BPB and BKV on 
the individual plots correspond to the B coeffi-
cients of A, n, Sr' Pb and Kv respectively. In 
using the graphs, the lower right plot is entered 
first with a specific dimensionless time param-
eter, T. The individual plots are then followed 
through, as shown by the example line on Figures 
18 and 19, selecting the desired B coefficients 
until arriving at the ordinate scale of the co-
axial graph for ~I or ~AI. A caution in using 
the graphs is that since the data used in de-
veloping the graphs were divided into two subsets 
for positive and negative values, and separate 
regression analysis were obtained for each sub-
set, the B coefficients used should have values 
either all negative or zero or all positive or 
zero. From Equation (45) it is shown that a con-
stant is included in each of the regression equa-
tions. Since it is unknown how much the individual 
data points contributed to the constant the graphs 
should be used only for the data ranges from which 
they were made. Thus the restriction of using 
either all positive or all negative or zero values 
of B coefficients. 
An example is drawn on the graphs for the 
homogeneous case. A value of T is selected, the 
subsequent B values of 0.0 are followed through 
in order to get the appropriate ~I or ~AI. Note 
that the sign on the B value of 0.0 on the first 
graph corresponds to the sign on the B value of 
0.0 used on the last graph. The ~I and the ~AI 
obtained for both cases are well within the 
accuracy of the graphs in giving the value of 
0.0, which is what would be expected for the 
homogeneous case. 
In reading the coaxial graphs it should be 
noted that a positive ~I or ~AI results from the 
infiltration rate for the heterogeneity specified 
being smaller than for the homogeneous case. For 
small or negative values of ~I or ~AI the infil-
tration rates are much larger and in the case of 
negative ~I or ~AI the infiltration rates for the 
heterogeneous case are greater than that of the 
homogeneous case. 
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On the coaxial graph for ~AI, it can be seen 
that the negative values of Kv are not plotted. 
This is because in these solutions water dripped 
into the drained layer below the profile. The 
computer program did not take this into account 
and based its accumulative infiltration rates only 
using the volume of water present in the profile. 
This was also done for the instantaneous rates. 
However, it is fairly easy to calculate the volume 
of water leaving at one particular time step. 
From Darcy's law which states: 
Q (48) 
(where h is the hydraulic head and Ke is the 
effective permeability), the volume of water 
leaving through the bottom may be calculated. 
The hydraulic head, h, was printed out for each 
grid point by the computer program for each time 
step making the ah/az easily approximated numeri-
cally. Ke is the product of Kr which is defined 
by Equation (6) and Kv which is an input value. 
The Q value obtained was then added to the out-
puted instantaneous infiltration rate. 
In using the coaxial graphs it1,s understood 
that when lines are close together it means that 
the change in B value between the two values 
listed have little effect on ~I or ~AI for that 
parameter. Furthermore for those individual 
graphs, which make up the coaxial graphs, which 
are entered horizontally and exited vertically 
a steep slope indicates little change of ~I or 
~AI with time whereas a small or flat slope in-
dicates a large change in ~I or ~AI with time. 
For individual plots which are entered vertically 
and exited horizontally the opposite is true, 
that is, a steep slope indicates a large change 
in ~I or ~AI with time and a small valued slope 
indicates a small change in ~I or ~AI is due to 
that parameter with time. The discussion of the 
parameters and their effects on ~I and ~AI is 
given below. 
T - On both of the coaxial graphs, the independent 
plots containing T as their abscissa have small 
slopes. As was pointed out previously for an in-
dividual graph that is entered vertically and exited 
horizontally a small slope indicates little change 
with time. These small variations of ~AI and ~I 
may be seen from the scatter diagrams, Figures 7 
throughll. The relative spacing of the curves are 
not due to time, but to the parameter which is 
graphed with time. That is for ~AI the spacing 
of the curves on the first graph are due to the 
variable BL whereas for ~I the spacing is due to 
the variable BPB. 
BL - The relative poSitions of the lines re-
presenting the values of the B coefficients of A 
are different for both the graphs of ~I and ~AI. 
The accumulative infiltration rate is seen to be 
larger when all of the values of A are relatively 
small and no large values of A present. That is, 
small values of ~AI are computed when A is varied 
between 0.3 and 1.2. For the case of ~I, the 
largest instantaneous infiltration rate is 
achieved with a value of BL equal to 0.45. As 
the wetting front advances, the permeability at 
the front increases causing an increase in the 
infiltration rate. This increase in infiltra-
tion rate can also be seen in Figure 16 where 
the infiltration rate is graphed versus time. 
From these observations, the conclusion is that 
smaller values of A correspond to higher infil-
tration rates. This conclusion is in agreement 
with the previous discussion of the graphs of 
saturation and pressures versus depth. 
BPOR - The relative positions between the 
lines representing the B coefficient of n are 
the same for both the coaxial graphs of 6I and 
6AI. The solutions of BPOR equal to 0.05 and 
-0.2 have the smallest infiltration rates while 
the solutions of BPOR equal to -0.05 and 0.2 
have the largest infiltration rates. For the 
solution of BPOR equal to 0.2, the top of the 
profile has a very high porosity which in turn 
allows large storage capacity. This large 
storage capacity enables high infiltration rates 
at the beginning of the solution. Although the 
wetting front for the homogeneous case advances 
faster than the solution in which BPOR equaled 
0.2 the latter solution maintained the higher 
infiltration rates of the two solutions. The. 
advancement of the wetting front for the case of 
BPOR equal 0.2 slows down as it advances in the 
profile due to smaller values of n at the wetting 
front which inhibit the infiltration process. 
BPB - In the analysis of the graphs of 
saturation and pressures with depth, it was seen 
that solutions with small values of Pb at the 
surface show small infiltration rates and slow 
advancement of the wetting front. This observa-
tion can be better understood by inspection of 
Equation (6) which states that a decrease in Pb 
will cause a decrease in Kr . For the sclu~ion 
of BPB equal to -0.55 the surface value of Pb 
is 0.1, the infiltration rate is very small and 
the wetting front essentially does not advance 
at all. The heterogeneous case defined by vary-
ing Pb with the highest infiltration rates is the 
solution of BPB equal 0.25. Although this solu-
tion does not have the high values of Pb as in 
the case of BPB equal to 0.55, the infiltration 
rate is higher because it does not have values of 
Pb which are prohibitive to infiltration lower 
in the profile. 
BSR - For the values of the B coefficients 
of BSR used in this report, little change in ~I 
or ~AI is seen. This is demonstrated by the close 
grouping of the curves for BSR shown on the co-
axial graphs. This same observation was made by 
inspection of the saturation and pressure graphs 
for Sr where the solutions are well grouped for 
each time step. Larger infiltration rates are 
observed for the solutions of Sr increasing with 
depth. 
BKV - From Equation (47) and by observations 
of the saturation and pressures graphs for BKV, 
Figures 5 a, band c, it is expected that by 
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increaseing the value of Kv in the profile the 
infiltration rates would also increase. For 
the values of BKV positive and less than one, 
which cause a decreasing Kv with depth, this 
reasoning is true. That is, the infiltration 
rates decrease with decreasing Kv in the pro-
file. It is witnessed on the coaxial graph for 
~I, increasing Ky with depth shows a large in-
filtration rate for the case of BKV equal to 
-2.0. The value of BKV equal to -2.0 causing 
Kv to vary from a value of 1 at the surface to 
5.0 at the bottom of the profile. 
The solutions whose values of ~AI and ~I 
varied very little with time especially the 
homogeneous case, which gives zero values of 
~AI and 61 at all time steps, cause the coaxial 
graphs to be for the most part time independent. 
That is, for any set of B coefficients the same 
values of ~AI and ~I within the accuracy of the 
graphs will be obtained. This means in using 
the graphs the values of ~AI and ~I obtained 
will represent an average or dominant value over 
the time steps of T equal to 0.0 to 0.5. For a 
general idea on how the parameters will effect 
the solution, the coaxial graphs will be useful. 
However, after consulting the coaxial graphs 
and obtaining trends of what to expect, the com-
puter program must be used for a detailed 
analysis. The graphs should prove to be of 
assistance in infiltration studies in that by 
consulting them first the number of computer 
runs needed for a particular study may be de-
creased. 
Effects of Varying Two Parameters 
Simultaneously 
The coaxial graphs in this report were de-
veloped by varying only one parameter at a time. 
Therefore, using the graphs for solutions where 
more than one parameter varies at a time will 
assume that these parameters act independently 
of each other. Also, as was pointed out previous-
ly, the values of ~AI and ~I will represent aver-
age or dominant values because of the time in-
dependence of the graphs. 
It was not the purpose of this report to 
study the effects of more than one of the param-
eters in the Brooks-Corey equations varying at 
once. However, six solutions of two parameters 
varying simultaneously have been obtained and 
the values of ~AI and ~I calculated. These 
values were compared to the corresponding values 
obtained from using the coaxial graphs. The 
solution values and corresponding coaxial graph 
values are given in Table 2 for comparison. For 
some of the solutions, the comparisons between 
the calculated values and the values obtained 
from the coaxial graphs show no correlation. 
For other solutions, though, the values obtained 
from the coaxial graphs show that they could 
possibly represent an average or a dominant in-
filtration rate, as described before, when com-
pared to the computer solutions. Further study 
Table 2. Comparison of solutions to two linearly varying parameters by the coaxial graphs and computer 
solution. 
AI I MI ill Coaxial 1" MI ill 
1 A .3 -+ 1.2 B = .45 
n = .3 -+ .4 B - .05 
.1 .707213 .5124 .3039 .0956 .475 .30 
.3 .580387 .52972 .134813 -.01492 .47 .3 
.5 .568797 .56726 .06303 -.06446 .475 .3 
2 A = .5 -+ 1.0 B = .25 
P = b .4 -+ .9 B = .25 
.1 .994213 .54787 .01689 .06013 .05 .20 
.3 .664731 .43761 .05047 .07719 .05 .20 
.5 .567711 .412135 .06472 0.9067 .05 .20 
3 Pb = .1-+1.2 B = .55 
n = .2 -+ .6 B = .2 
.1 1.12730 .57865 -.1162 .02935 .04 .20 
.3 .667325 .32095 .04788 .19385 .04 .20 
.5 .513337 .255343 .11849 .24746 .04 .20 
:--
4 Pb = .4 -+ .9 B = .25 
S = r .1 -+ .15 B = .025 
.1 .984502 .62286 .02660 -.01486 .05 .12 
.3 .641348 .390054 .07385 .12475 .05 .12 
.5 .533769 .361922 .09806 .14088 .05 .12 
5 n = .3 -+ .4 B = .05 
Kv = .5 -+ 1.0 B = .25 
.1 .989977 .58477 .02112 .02323 .325 .32 
.3 .692991 .49227 .022209 .02253 .315 .32 
.5 .609494 .479188 .022335 .023612 .325 .32 
6 Pb = .1 -+ 1.2 B = .55 
~= .1-+1.0 B = .45 
.1 .938721 .50762 .07238 .10038 .125 .3 
.3 .560752 .25699 .15445 .25781 .125 .3 
.5 .426614 .203999 .20522 .298801 .125 .3 
1" AI hom I hom 
.1 1.0111 .608 
.3 .71520 .5148 
.5 .631879 .5028 
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needs to be done in this area of more than one 
parameter varying. By obtaining additional 
computer solutions and checking the values with 
the coaxial graphs a better idea of independence 
or interdependence can be explored. That is if 
the coaxial graphs provide a ball park value for 
more than one parameter varying then it is a 
possibility that those two parameters are inde-
pendent. However, if the coaxial graphs give 
values of ~I or ~AI that are in complete dis-
agreement with the solutions obtained then 
possibly a dependence amongst those parameters 
is present. 
For future research, the development of 
another measure of the infiltration process, 
such as the movement of the wetting front, could 
be developed. This new method in conjunction 
with the coaxial graphs developed in this study 
could then be used to study the interdependence 
of the parameters. Possibly the solutions for 
~AI and ~I could then be shown to be time de-
pendent, giving a more accurate description of 
the process with time. 
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APPENDIX A 
DATA SETS FOR REGRESSION ANALYSIS AND 
RESULTING REGRESSION EQ 
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DHA FOR INS r A .... UNEOUS INFIURATlnN RATE, NEGATIVE CASE 
BL BII-V EiSR 8pOR BpS TAU DELTA I 
I tiS T AN·T ANEOU5 
-.115 O. (II) 0.000 0:0(\ 0.00 0.1 0.1239 00 
-.115 O. ('0 o.ono 0;00 0.00 0.2 0.14540(1 
-.4'5 0.00 0.000 C.Oo 0.00 0.3 0.198000 
.... '1'3 0.00 0.000 O,Co 0.00 0.4 0.222400 
-.45 0.00 0.000 0'00 0.00 0.5 0.233000 
-.30 0.00 O.OOtl 0:00 0.00 0,1 0.001200 
-.30 0,00 0.000 0·00 0.00 0.2 0.115200 
-.30 0.00 0.000 0'00 0.00 0.3 0.119800 
-,30 0.0(\ 0,0(\0 (\:0('1 0.(\0 0.4 0.1251100 
... jC, 0.00 (1.000 ~.~~ 0, '0 0.5 0.12840(' 0.00 0.00 0.000 
-."5 0,1 0.008800 
0.00 0.00 0.000 O:O/l -.55 0.2 0.550000 
0.00 0.00 o.ono ° On -.55 0,3 0.512800 
0.00 O. ° {l 0.000 0:0(1 -.55 0,4 0."9'1800 
0.00 0.00 0.000 0:00 ... 55 0.5 0.502400 
0,00 0,00 0.000 0:00 
-.2" 0.1 0."55300 
0,00 0.00 0.000 ~;~o -.2" 0.2 0,40740(1 (\.00 0,00 0.000 o~o~ -.25 0.3 0.37900C 0.00 0.0i) ('.000 
-.2" 0," 0.373800 
o.on 0.00 0.1100 0:00 -.25 O.S 0.372 11 00 {).oo 0,00 O.OOG 
-:20 0.00 0.1 0,:560800 
(1.00 0.0') 0.000 -~20 0.00 0.2 0.:S06000 
0.00 0.00 O.flCO -,20 0.00 0,3 0,305200 
o. (,n O. (I,) 0.000 -'20 0.00 0,11 0.305100 
o. (10 o.on o. COO' -'.10 0,00 O.~ O,.3o!>ouo 
i'). Q (I i),Of) 0.000 
-:0<; 0.00 0,1 0.034260 
n.ol"! 0,00 0.00<> ":05 0,00 0.2 0.028400 
0,00 0.00 1).000 
-;0<; 0.00 0.3 0,00880(1 
0.00 0.(\0 0.000 -.05 0.00 0 .• " 0.00"000 
0,00 0.00 0.000 
-;0<; 0.00 0.5 0.003C!00 
O.CO 0.00 -.025 . o. On 0.00 0.1 -.0107 li O 
0.00 o.on .,025 0:00 0.00 0.2 -,011'100 
0.00 0.(10 -,025 0:00 0.00 0.3 -,012000 
0.00 0.00 0.025 0:00 0.00 0,1 0,011000 
'1.uo 0.00 0.025 0:00 0.00 0,2 0.012000 
0.0(1 0,00 O.02!1 0:00 0.00 0.3 O.OlluOO 
0.00 O.CO 0.025 O·On 1).00 il.li 0.010600 
0.00 0.00 0.025 0:00 0.00 0.5 0.010"00 
,1.0(\ i).OO 
-.075 O:On 0.00 0.1 -.031000 
0.00 0.00 -.075 o:on 0.00 C.2 -.033000 
0.00 0,00 -.075 0:01) 0.00 0.3 -.030"00 
0.0(1 0.00 -,075 0:00 0.00 0." -.030800 
0,00 0.00 -.075 0:00 0.00 0,5 -,030000 
0.00 O.ilO 0.075 0:00 0.00 0,1 0.035100 
0.00 0.00 0.fl75 « 00 0.00 0.2 0.037000 
0.00 0.00 0.075 0:00 0.00 0,3 0.03"200 
0.00 0.00 0.075 0'00 0.00 0." 0.033600 
0.00 0,45 0,000 0:00 0,00 0.1 0.0"7800 
u.uo 0.45 0.110 0 0,00 0.00 0.2 0.020"00 
0.(\0 0.tt5 0.000 0'00 0.00 0,3 0.03&800 
0.00 ('.45 (1.000 o'on 0.00 0." 0.o"o200 
fl.OO C.lI'S 0.000 0:00 O~OtJ 0,5 0.041c:!00 
0.00 -4.50 0.000 0'00 0.00 0,1 0 •. S12700 
0.00 -4.50 0.000 0'0(\ o .~oo 0.2 0.279000 
0.00 -4,.,0 0.000 0:00 0.00 0.3 0.285100 
0,00 -4.50 0,000 0:00 0.00 0." 0.307100 
0.00 -4.50 O,noo 0;0" 0.00 0.5 0.3002uo 
(\.00 -2.0<> v.OflO 0.00 0.00 0.1 -.102700 
0.00 -2.00 0.000 0;00 0,00 0.2 -.118200 
0.00 -c!.oo C).ooo 0.00 0.00 0,3 -.UliOOO 
0.00 .2.00 0.00 0 0·00 0.00 0." -.172700 
0,01) -2,00 (\.1')00 0'00 0.00 0.5 -,093000 
O.ul) 0.25 \1.00U 0:0(1 0.00 0.1 0.028200 
0.00 0.25 0.000 0;00 0.00 0.2 0.01"920 
'0.00 0,25 0.1100 0,00 0,00 0.3 0.020200 
iI.OI) 0.25 0.00 0 0·00 0.00 0." 0.033800 
0.110 0.25 fl,OO" 0:0" 0,00 0.5 0.022000 
o. f,., 0.00 -l. 0 01. °:°0 0.00 0.1 .:. ~ Q.:', G ," 
0.00 0.00 O.~110 0;00 0.00 0,2 0.000000 
0.00 0.00 0,000 0,00 0.00 0,3 0.000000 
0.0i) 0.00 0.000 0,00 0.00 0,4 0,000000 
0,00 0,00 0,000 0.00 0.00 0.5 0.000000 
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O·ATA FOR INS TAN TANEOUS INrlL.TRATlON HATE, POSITIVE CASE 
81- fjl<V eSR • SPOR Bpe TAU DEL.TA I 
INSTANTANEOUS 
,0,00 0,00 0,00 0 0,05 0.00 0,1 o,BZoOo 
0.00 0.00 0,00 0 0,05 0.00 0.2 0,Z98000 
0.00 0,00 0,000 0,05 0.00 0,3 0.':71400 
0.00 0.00 0,000 0,05 0.00 0,4 0,289400 
0.00 0,00 0.000 0,05 0.00 0.5 0 .. Z95000 
o.uo 0,00 0.000 O,Zo 0.00 0,1 -,019000 
0.00 0. (\\' 0.000 0,20 0.00 0.2 -.031001) 
0.00 C,OO 0,000 0,2(1 0,00 0.3 -,00"800 
C.OO o,oe 0,000 0,20 0,00 0,'1 -.003200 
0,00 o.OG 0.000 0,20 0,00 0.5 -,002001) 
o. ('0 o.Ou (J.liOO 0,00 0.'55 0,1 O,OlbeO!) 
0.(10 O,O{\ 0.000 0, 0j0 0.55 0,2 0,1 0 2bOO 
CI.OO 0.00 O.OOll 0,0(1 0.55 0,3 0.227/400 
0.110 0.011 0.000 0,00 0.55 0," 0.2/49'100 
u.O\l o,oa 0.000 0,0" 0,55 0.5 0,2b3200 
u.o n o.on 0,000 O.On 0.25 0,1 -,020800 
o.on 0.00 O,noo 0,00 0,25 0.2 0,099"00 
i).00 0.00 0.000 0,00 0,2S 0.3 0,110000 
1l.\II) 0.00 0.000 0.00 0~25 0,/4 0,120 0 00 
I.'.llf) 0.00 0.110(\ 0:00 0.2S 0.5 0,132000 
(j.~C; 0.00 0.000 ~;~~ 0.00 0.1 0.003'100 (1.25 o.GO 0.000 0.00 0,2 0.084 11 00 
0.2S 0.110 0.000 0'00 0,00 0.3 0.089200 
n.25 0.00 (1,000 0'00 0.00 0." 0.OQj800 
0.25 0.00 0.000 0:00 0.00 0.5 0.100~uo 
0."5 O.Oll 0,000 0,0,' 0.00 0.1 O,09b980 
0."5 0.00 0.000 0,011 0,00 0.2 0,0<12200 
0.u5 I).UO 0,000 °to!) 0.00 0,3 -,009000 
0.45 C.OO 0.0110 0.011 0,00 0.4 -,031800 
0."5 0.00 0.01)0 a (1) 0.00 0,5 -.051200 
1).00 c,on -.025 0:0(1 0,00 0.1 -.0101/40 
0,00 0,00 -.02~ 0,0(\ 0.00 0.2 -.011 11 00 
0.00 o.uo -.02~ 0,01'1 0.00 0.3 -.U12000 
0,00 o.on 0,025 0.00 0,00 0.1 0.01101:00 
V.O(l o.cO 0,025 O'On 0.01) 0.2 0,01':000 
0.00 O,CC 0,025 0'00 0,00 0.3 0.011000 
0.00 0,00 0.025 0'01'1 0.00 0,/4 0,010000 
". ()O n. (iC' 0.025 0'00 0,00 O.~ O.010<l0c) 
t).l'O (;,,)(\ 
-.015 0'00 0,00 0.1 -.031')00 
O,nn f). t' 0 -,015 0:00 0,00 0,2 -.03:)000 
0,00 t •• tlC -.01~ o 00 0,00 0,3 -.030<100 (I.on (I,LO 
-.075 0:00 0.00 0,4 -.030800 
0.00 C. ('0 -,075 0.0(1 0.00 U,5 -,030000 
C. ('0 o.(),) 0.015 o'On 0,00 0,1 0,035100 
(1.(\(\ 0,(\0 (1.015 0:0(1 0,00 0,2 0.037000 
n,c.o o. r.1) 0.075 0:01) (l.00 0.3 o,03u200 
0,00 0.00 0,075 0.00 0,00 0.11 O.033bOO 
0.00 o.uS 0.0(10 o On 0.00 001 0.0117800 
n,oo 0.'15 0.000 0:00 0,00 0.2 0.0201100 
O.llO 0.1.15 0,01)0 0;00 0,00 0.3 0.030800 
o. (,(1 G.II<; n,OOo o 011 0.00 O,U O,ou0200 (\.,." o.u<; 0.(10 0 0:00 0,00 0.5 0.0111200 
o ,t: 0 
-".50 0.0(\(1 0·0(1 0,00 0.1 0.312700 
1).110 
-".'>0 0,0(10 0'00 0.00 0.2 0,219000 
0.00 .. u.':>11 0.000 o'on .0,00 0.3 0.285100 
0,00 -~.';,il 0.000 .0 :on 0,00 0.4 0,301100 
r,. c·1) -".~Il O,ono 0.00 0,00 0.5 0,301:0200 
0.(10 -2.l,') 0.1)00 O~Oo 0,00 C.l -,102700 
0,(;0 -2. (:0 0.00 0 CI°(l 0.00 0.2 -,11B200 
o.eC' -2.(10 0.000 0,00 0,00 0.3 -.1U4000 
I).CO -2,r.C 0.000 0,00 0,00 0." -,172701) 
o.on -2,00 0,00 0 0,0(1 0,00 0,5 -.093001) 
0,00 lidS 0,000 0,00 0,00 0,1 0.028':00 
t'.1)1) (;,.?5 O.OOIl 0,00 0.00 0.2 O,015 Q20 
o.vo 0,25 0,000 0,00 0,00 0.3 0,020200 
l'. 00 0.25 0.0(10 o,on 0.00 O.iI 0.OH800 
0.0(\ (j.2~ O.O(JO 0,(\(1 0.00 0.5 0.022000 
f).OO '\.00 0.0(10 I) 00 0.00 0.1 0,000000 
t'.\.:(': (:.rr. 0.00 0 o'el\ 0 .Of' 
\!,C'(' 0.('(\ 0,(1(10 (1:0(1 0,00 0,3 0.000000 
0.(10 O.CI) 0.0(10 0;00 O~OO 0." 0.0(10000 
0.00 0.00 0.0(10 o,On 0.00 0,'3 0.000000 
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Lv 
0\ 
HY- 21 NT~ 100 HI= -'.000 HIT: -'.000 nEPTH 2.00 HEIGT= 2.000 nElT" 0.0050 S(U'" 0.9000 Sl .. 1.000 
NRIf1" 1 N~tT22 1 NSSUR= 1 HAX=15 0 TIHf PLANE SOLUTIONS THAT WIll BE STORED ON TAPE 8 
TIME STfl'S STOR£D ARE 
ERR .100(-05 
REF. LAHBaA- 0.7';00 -3.2500 ".2'100 
O.6500f) 0.65000 0.65000 0.6';000 0.65000 11.65000 0.6'5000 0.65000 0.&51)00 0.65000 0.65000 0.65000 0.65000 
0.6500:) 0.6';000 0.65000 O.f';OOO 0.6';000 0.6'5000 0.6';000 0.65000 
0.7';001) 0.75000 0.750000.150000.750000.750000.750000.75000 0.75000 0.15000 0.75000 0.750000.75000 
0.75000 0.15000 0.75000 0.75000 0.15000 0.75000 0.75000 0.75000 
2.50000 2.5000!) 2.'10000 2.~0000 2.50000 2.50000 2.50000 2.50000 2.50000 2.50000 2.50000 2.50000 2.50000 
2.50000 2.50000 2.50000 2.~0000 2.50000 2.50000 2.50000 2.50000 
"".25000 -4.?5000 -".25000 -".25000 -4.25000 -4.25000 -4.25000 -4.25000 -".25000 -4.25000 -4.25000 -4.25000 -4.25000 
-".?5000 -4.25000 -4.25000 -4.25000 -4.25000 -4.25000 -4.25000 -4.25000 
0.45000 0.44500 0.44000 0.U500 0.43000 0.42500 0.42000 0.41500 0.41000 0.40500 0.1,0000 0.39500 0039000 
0.38501) 0.38000 0.37'500 0.!7000 0.36500 0.36000 0.35'500 0.35000 
10.0000010.0000010.00000 10.COOOO 10.0000010.0000010.0000010.0000010.00000 10.00000 10.00000 10.00000 10.00000 
10.0000010.0000010.00000 10.COOOO 10.0000010.0000010.0000010.00000 
0.12500 0.12500 0.12';00 0.1?500 0.12500 0.12';00 0.12500 0.12500 0.12500 0.12500 0.12500 0.12500 0.12500 
0012')00 0.12500 0.1?';00 0012';00 0.12500 0.12500 0012500 0-12500 
0.1175(,0 0.117500 0.A7500 O.H~OO 0.117500 0.117500 0.87500 0.87500 0.87500 0.87500 0.117500 0.67500 0.67500 
0.117500 0.117500 0.117500 O.P7500 0.87500 0.67500 0.117500 0.1I7'i00 
0.21376 52.75857 52.16572 51.57?93 50.96014 50.16735 49.791,55 49.20176 48.60897 48.01618 41.1,2339 1,6.83059 46.23180 
45.645DI 45.05222 44.45942 43.f6663 43.271114 42.1;8105 42.08825 41.49546 
0.1)00000.00000 0.1)0000 O.~OCOO 0.(10000 0.00000 0.(10000 0.(10000 0.00000 0.000000.000000.000000.00000 
0.00000 0.00000 0.00000 O.COOOO 0.01l000 0.00000 0.00000 O.OOO()O 
-I,2.50GOO -H.50000 -42.50000 -42.~0000 -42.50000 -42.50000 -42.50000 -42.50000 -42.'50000 -42.50000 -42.50000 -42.50000 -42.50000 
-"2.50000 -42.50000 -42.50000 -H.~onoo -42.50000 -42.'50000 -42.50000 -42.500QO 
[NIT[ Al 0 [STRIBUTtON or PRESSURE TH~U PRorILE 
6.0000000 5.9000000 ';.eoooooo 5.7000000 5.60000005.50000005.1,000000 5.3000000 5.2000000501000000 5.0000000 4.9000000 4.8000000 
1,.7000000 4.6000000 4.5000000 4.40COCOO 4.3000000 4.2000000 4.1000000 4.0000000 
INIn AL 5 ATUR AT YON THRU PROfILE 
0.290:' 0.2923 0.294'5 0.2967 0.2990 0.3014 0.3038 0.3063 0.3089 0.3116 0.3144 0.3173 0.3203 
0.321. 0.3267 0.3300 0.3335 0.3371 0.31009 0.3448 0.31,89 
VALUES Of THE PRESSURE FOR NilE: • !3333E-03 
0.7642 5.7050; 5.8000 5.7000 '5.6000 '5.5000 
VALUES Dr SATURATYO~ TAU" O.OCOl 
0.9000 0.2966 0.2945 
VOl Of WAfER ABSORBEO" 0.0119095 0.0139095 RATE H .728531 41.728531 41.728531 
VALUES rOR HYDRAULIC HEAD TAU= 0.0003 
1.236 -3.60'5 -".000 
VALUES Of TH£ PRESSURE rOR TIME= .10000E-02 
0.7642 4.6020 5.7988 '5.7000 5.6000 5.5000 
VALUES or SHURATION TAU = o.OCtO 
0.9000 0.3266 0.2945 0.2967 
VOl OF wArER ABSORHEO = 0.0152463 0.0152463 RATE 15.246255 1'5.246255 
VALUES fOR HYDRAULIC HEAD TAU= C.00I0 
1.230 -2.702 -3.999 -4.1)00 
VALUE S (Ji THE PRESSURE rOR TIME: .20000E-02 
0.76"2 3.0272 5.7f1H 5.7000 5.6000 5.5000 
VALUfS, SATURATION TAU = o.oezo 
0.9000 0.41)tO 0.2948 0.2967 
VOL or W ,[R ABSORRrO = 0.018~716 0.0185716 RATE 9.285815 9.285815 
VALUE S f' IlYORWUC HEAD nu= C.0020 
1.2.'16 -10127 -~.984 -4.000 
DID NOT f 'NVERGE IN ALLOIIABLE NUMBE~ OF ITERATIONS 15 SUHT= .11222029E-04 
VALUES 01 fHE PR£'iSURI' FOR TIIIE2 • HH3E-02 
2.005116 
3.325375 
w 
" 
0.7642 1.63'52 '5.60'32 '5.6996 5.6000 5.5000 
VALU [S or SATURA Tt ON TAU - 0.0 Oll 
0.9000 0.5610 0.2989 0.2967 0.2990 
VOL Dr IIATfR ABSOP.IlEO" 0.0259632 0.0259632 RATE' 7.788958 7.788958 5.5103673 
VALUES rOR HYORAULIC HEAO TAU= 0.0013 
1.236 0.265 -3.803 -10.000 -4.000 
010 NOT CIltIVERGE IN ALLOWABLE NUMAE~ or ITERATtONS 15 SUIIT- .38U91061E-05 
VALUES Dr THE PPESSU9E I'D!! .TIMEa .50000E-02 
0.76"2 1.0789 4.7228 5.6951 5.6000 5.5000 5."000 
VALUES or SATURATtO!t TAU" 0.OC50 
0.9000 0.7234 0.3227 0.2968 0.2990 
VOl or WATER ABSORAEO.. 0.0341479 0.0341419 RATE 6.1129577 6.829577 
VALUES rOR HYORAULIC HEAO TAl'= C.0050 
".9101115 
1.236 0.821 -2.923 -3.995 -4.0.00 
2 .41H2308E+00 .30673103E+CO 
OPTIMAl SOLUTION 1(= -.4164916SE-Ol OPTIMAL VALUE rN" .66433132E-Ol 2 
010 NOT CONVERGE IN AlLOWABLE NUMeE~ or ITERATIONS 15 SUMT= .523976"2E~06 
VALUES OF THE PRESSIJRf FOR TIME: .IOOOOE-Ol 
0.76"2 1.0131 3.3541 5.6103 5.5999 5.5000 5.10000 
VALUES Of SATURATtON TAU" 0.0100 
0.9000 0.7523 0.31105 0.2974 0.2990 
VOL OF WATER ABSORBrD - 0.0380039 0.0380039 RATE 3.1100387 
VALUES rOR HYOR~ULIC HEAD TAU: C.OI00 
3.800387 0.771197 
1.236 0.881' -t.555 -3.910 -4.000 
VAlUES OF THE PRESSURE FOR TIME" • 15000E-Ol 
0.76"2 1.0592 2.5t93 5.5922 5.5995 5.5000 5."000 5.3000 
VALUES Of SATURATION TAU"' 0.0150 
0.9000 0.1317 O.Hll1 0.2992 0.2990 0.30110 
VOl 0-1' WATER ABSIlRIlEO" 0.on8605 0.03911605 RATE 2.6573610 
·VAlUES 1'09 HYIlR~ULIC "E~O TAU: C.0150 2.6513610 0.371319· 
1.236 0.841 -0.719 -3.1192 -4.000 -4.000 
VAlUES or THE PRESSURE fOR TIME" .20000E-OI 
0.7642 1.082t 2.1011.1 5.4348 5.59115 5.5000 5.4000 5.3000 
VALUES or 5ATURATllllt TAU" 0.0200 
0.9COO 0.72'20 0.41172 0.3630 0.2990 0.3014 
VOl Of MATER ABSORIlED"' 0.0415939 0.0415939 RATE 2.079696 
VAlUES FOR HYDRAULIC HEAO TAU:' C.0200 
2.079696 0.346692 
1.236 0.8111 -0. J07 -3.715 - 3. 999 .4.~00 
VALU ES Of SATUq~ TI liN TAU = 0.4951) 
0.9 000 0.1743 0.7683 0.7591 0.1456 0.1257 0.696 J 0.610119 o .5TH 0.4314 0.3269 
VOL OF WATER ABSOROro .. 0.1602685 0.16026115 RATE 0.323775 0.323715 0.206655 
VAlUES FOR HYDRAULI1: HEAO TAU" 0.4950 
1.236 0.933 0.1120 0.101 C.572 0.421 0.252 0.012 -0.3116 -1.534 
-3.591 
VALUES 111' THE PIlESSURr. fOR TIME: • 50nOOE +00 
0.7642 0.9673 0.9792 0.9917 1.0261 1.0706 1.1421 1.2780 1.5619 2.524 " " .5191 VALU ES or SA TURA TI ON TAU: 0.5 COO 
0.9000 0.7744 0.7685 0.7595 0.146 :5 0.7268 0.6981 0.6520 0.578" 0.10413 003294 VOL Of WATER ABSORBED: 0.1613000 0.1613000 RATE 0.322600 0.322600 0.206291 
VALUE S FOR HYDR AULIC HE AD TAU" C.5000 
1.236 0.933 0.821 0.702 C.514 0.429 0.257 0.022 
- 0.362 -1.4210 -3.519 
0.31711 0.320 :5 0.3234 
-3.983 -1.999 
-4. ODD 
4.8790 4.7992 4.7000 4.6000 ".5 "00 
0.3180 0.32010 0.3234 
-3.919 -3.999 -ft. 000 

